ABSTRACT
INTRODUCTION
Weather-vaning FPSOs are mostly exposed to head-sea waves and can be subjected to water-on-deck (WOD) events, depending on the incident systems, while parametric roll (PR) is not recognized as a danger for such ships. Parametric roll is known as a resonance and instability phenomenon of the roll motion due to the fact that relative vertical ship motions cause variations of the transverse metacentric height connected with changes of the waterplane area and of the vertical position of the center of buoyancy relative to the center of mass. A clear explanation of the phenomenon and the critical conditions for its occurrence can be found, for instance, in [3] and along the years many studies have been carried out on the instability conditions and features by trying to account for the coupling of roll with heave and pitch motions in the time evolution of the restoring moment (see e.g. the review in [4] and very recent work in [5] ).
The present research activity examines numerically the occurrence and features of parametric roll and water on deck on an FPSO interacting with regular waves. The analysis is the logical continuation of the two research investigations presented in [1] 
THE NUMERICAL SOLVER
The numerical solver consists of a Domain-Decomposition (DD) strategy and has been detailed documented in previous works, see e.g. [6] for the basic formulation and [2] for the method including the mooring-line modelling. Here the main features relevant for the physical investigation are recalled.
The method examines the problem of a 6-dof ship without or with a small forward speed and interacting with incident, regular or irregular, waves. The seakeeping potential-flow problem is handled within the weak-scatterer hypothesis (see e.g. [7] ), which assumes the incident waves and body motions large with respect to the scattering and radiation waves and so it is valid for wavelength-to-ship length ratio sufficiently large. The impermeability body-boundary condition is satisfied averagely along the instantaneous wetted hull surface defined by the incident waves and the body motions, leading to a correction of the linear scattering and radiation loads. Nonlinearities are retained up to the second order for Froude-Krylov and hydrostatic loads. The method can handle bottom slamming by mean of a local velocitypressure criterion combined with a Wagner-type solution. Here this modelling is not used because such phenomenon is not relevant in the present study. Occurrence of water shipping in the bow area is checked examining the local relative vertical motion between the waves (incident, scattering and radiation waves) and the vessel along the deck profile and then assessing the water tendency to invade the deck by means of the incident-wave velocity component normal to the deck profile (and in the plane of the deck) relative to the ship. Its induced local loads are estimated within a nonlinear shallow-water approximation, which is suitable to describe the global features of the most common type of water-on-deck scenario involving a dam-breaking type flow. The mooring-line system is modelled as a set of steel inelastic anchorlines attached to the ship through a turret and radially distributed. All cables have the same pretension T 0 and the same total length. The horizontal tension, T h,i , induced by each cable i on the vessel as a consequence of the action and reaction principle is obtained assuming a quasi-static approach but retaining a nonlinear cable description consistently with the approach indicated as method 2 in [8] . Once estimated all T h,i and known the instantaneous configuration of the cables, the surge and sway force and the yaw moment induced by the whole mooring system on the ship can be estimated at the examined time instant.
The DD solver estimates only the wave-radiation potentialflow damping. Other damping contributions can be modelled introducing additional damping terms, based on empirical formulas, in the equations of motion. In particular for the FPSO analyzed in this paper, the viscous roll damping for the vessel without bilge-keels and mooring-line system has been identified from free-decay tests and well modelled as a linear damping load with a damping coefficient B 44h equal to the 2.62% of the critical damping. The roll bilge-keel damping is modelled using the simplified formula in [9] obtained as best-fitting of the Ikeda's method. In this case, the nondimensional equivalentlinear damping coefficient is a function of many nondimensional parameters, in particular
with ρ the water density, ∇ the displacement, B the ship beam, D the ship draft, C b the block coefficient, C m the mid-ship coefficient, OG the vertical position of the center of gravity relative the calm-water free surface (positive downwards), ω the circular frequency, ξ 4,a the roll amplitude, l bk the bilge-keel length and b bk the bilge-keel width. This formula is convenient with respect to the direct use of the Ikeda's method because the involved parameters are limited to general ship features and main bilge-keel dimensions. This fits well the purpose of this analysis which does not pretend to go in the details of a bilge-keel design but to apply an overall measure of their effect from hydrodynamic point of view, i.e. in terms of roll-damping moment. This damping modeling could be conservative for FPSOs, especially with large bilge-keels. In this case de Oliveira et al. [10] observed that a damping saturation can occur for sufficiently large roll angles. The mooring-line damping loads for surge (1) , sway (2) and yaw (6) are assumed as velocity-square damping terms with coefficients corresponding to equivalent linear coefficients equal to 0.1B j jcr ωξ ja 8/(3π), with j = 1,2 and 6, and B j jcr and ξ ja the critical damping and motion amplitude, respectively. With this choice the transient stage is practically not affected by such damping, typically small. A more in-depth investigation for a better modelling of these damping contributions is left for a future work while the present activity focuses on the influence of the bilge-keel damping.
The different loads are inserted in the rigid-body motion equations written along a body-fixed coordinate system with origin in the center of gravity and following the approach in [11] . They read
Here, M is the ship generalized mass matrix, ξ ≡ (ξ 1 , .., ξ 6 ) are the six rigid degrees of freedom, Ω is the angular velocity vector (ξ 4 ,ξ 5 ,ξ 6 ) with components along the instantaneous body axes and the upper dots indicate time (t) derivatives. Further, A ∞ is the infinite-frequency added-mass matrix, K is the retardation function matrix and the components of β are obtained enforcing the instantaneous impermeability condition within the weak-scatterer assumption (see e.g. [7] ). In the left-hand side of the motion equations, the second term is the inertial-load contribution due to the body-fixed coordinate system and the third and fourth terms correspond to radiation and scattering loads which are combined within the weak-scatterer hypothesis. In the right-hand side, we find the nonlinear loads due to water-on-deck (F wod ), mooring-line system (F moor ), Froude-Krylov (F 0 nlin ) and hydrostatic (F h nlin ) contributions. Finally the last term (F add ) accounts for additional linear or square-velocity damping contributions. The equations of motions are solved in time using a fourthorder Runge-Kutta scheme. When evolving from time t to t + ∆t the water-on-deck loads, the convolution-integral terms and the mooring-line loads are estimated in t and retained constant during the interval ∆t, while the remaining loads are estimated at any time instant required by the scheme.
FPSO PLATFORM AND PREVIOUS STUDIES
The main information of the selected FPSO is given in table 1. Previous studies on this platform, without and with mooring lines, are summarized in the following. Experimental data and same operational conditions are used in the next section to carry on a numerical investigation on the influence of bilge-keels on the occurrence and features of ship instability and water shipping. 
FPSO without mooring-lines
0.27 L Transverse metacentric height (GM) 1.44 m depth = 220 x 9 x 3.6 m) in scale 1:40 without bilge keels and mooring-line systems. Detailed discussion of the tests, of the performed measurements and of the accuracy, can be found in [2] and [1] . The model tests were targeted to examine water-ondeck and parametric-roll phenomena in regular waves in headsea (α = 180 • ) and two bow-sea (α = 175 and 170 • ) conditions. They are provided in tables 2-5 in terms of the steepness kA, with k the wavenumber and A the wave amplitude and in terms of the calm-water roll natural frequency-to-prescribed excitation frequency ratio ω 4n0 /ω for PR while the corresponding prescribed wavelength-to-ship length ratio λ /L is used for WOD. This is done because ω 4n0 /ω is a relevant parameter for the PR occurrence while λ /L is important when examining the WOD occurrence. In particular, the chosen ω 4n0 /ω range indicates that the waves are in the region of first parametric resonance for the roll and the corresponding λ /L range is in the region of heave and pitch resonance. One must note that due to some problems with the wavemaker, there were some differences between prescribed and realized waves. Here the prescribed quantities are provided, the actual incident waves parameters are documented in [1] . The experiments were designed to restrain surge, sway and yaw by means of a gimble placed in the hull combined with a vertical shaft. In reality, during the tests the yaw motion was not properly restrained because of a slack in the shaft. The involved amplitudes were negligible in head-sea conditions and with α = 175 • until the case with ω 4n0 /ω = 0.519 and kA = 0.25 was tested as run 44. This incident wave did not cause PR but induced severe WOD with profound leakage of water inside the model. As a result, the shaft slack worsened. When the test was repeated as run 46 the yaw motion was not negligible and both PR and WOD were caused. The combined physical and numerical investigation, using the method described in the previous section and documented in [1] , highlighted the crucial role of the yaw-roll coupling for the roll instability in this case and for the tuning of the roll natural period to 1.5T instead of 2T as usual for the first parametric resonance, T being the incident-wave period. From the analysis, the amplitude of the resonant roll is affected by the coupling with the other degrees of freedom. In particular, the coupling with yaw, experienced by the ship in bow-sea waves, can cause roll instability and tends to increase the steady-state roll amplitude and to reduce the roll natural period with respect to the case with restrained yaw. The first parametric resonance promoted by coupling with heave and pitch motions is characterized by the tuning of the roll natural period to 2T , with T the excitation period. The coupling with yaw leads to a tuning of the yaw natural period to 3T and moves the tuning for the roll to 1.5T . It also affects the water shipping. The trend is in reducing the phenomenon severity for the vessel in the examined incident waves. This is opposite to the influence of the parametric roll on the water on deck in head-sea waves and zero yaw, as documented in [12] .
FPSO with mooring-lines
In order to investigate the importance of motions coupling in the excitation of roll instability, the FPSO was modelled numerically as moored in a water region with depth 200 m by assuming a mooring-line system as used in practice. In particular, ten mooring-lines, each with total length about 1584 m, were distributed radially at 72 × i ± 2.5 degrees (i=0,1,2,3,4) from the platform longitudinal axis with basic configuration involving a turret longitudinal position at 0.25L ahead of mid-ship and a pretension T 0 = 2000 kN. A systematic analysis was then performed by varying incident wavelength, steepness, heading, location of the turret and pretension. From the analysis, sway and yaw tend to destabilize the system also exciting chaotic features. The sway-roll-yaw coupling promotes the PR resonance and leads to larger amount of shipped water, especially at smaller wavelength-to-ship length ratio and larger steepness. The chaotic features appear to be excited when a sufficiently large yaw amplitude is reached, suggesting an important role of nonlinear effects for the stability regime. The mooringline system leads to small restoring and so to large natural periods for the horizontal motions. As a consequence, the sway-roll-yaw coupling is not able to modify the roll natural period when PR occurs, as instead documented by the experiments with shaft slack. However the roll experiences a chaotic behavior, associated to the amplitude, due to the coupling with sway and yaw. It was also confirmed that the horizontal motions can be successfully controlled and their induced instability avoided when a suitable dynamic-positioning (DP) system is combined with the mooring lines. Further investigations should account for state-of-the-art second order excitation slow-drift oscillations.
PHYSICAL INVESTIGATION
Here, the effect of the bilge-keel damping is investigated in both FPSO conditions described in the previous section. The required ship parameters for formula (1) can be found in table 1 and are within the range of validity of the simplified formula. The roll amplitude is calculated run-time during the simulation so to account for transient conditions. Finally the bilge-keel dimensions are needed and, for the formula validity, they should be so that 0.01 ≤ b bk /B ≤ 0.06 and 0.05 ≤ l bk /L ≤ 0.4. Here they are assumed b bk = 0.03B and l bk = 0.4L. For the breadth this corresponds to about 1 m at full scale. Typically, for FPSOs it is used a breadth between 0.8 to 1 m and in some cases up to 1.4m. For the length it was chosen the upper limit of the formula applicability though, for FPSOs, l bk /L could be 0.5 and in some case up to 0.7.
Unless explicitly stated, all examined numerical simulations are performed for 400T with a time step ∆t=0.005T and the water shipping is solved on a squared Cartesian grid in the deck plane with mesh size ≃ 0.0008L. the cases of PR connected with the yaw-roll coupling due to the shaft slack, there is not much difference in terms of instability occurrence at the two headings and also the amplitudes involved are similar. Moreover the PR is supported by larger kA at ω 4n0 /ω = 0.402 and counteracted at ω 4n0 /ω = 0.464. The solver without bilge-keel damping and zero yaw is in good agreement with the model tests in terms of occurrence of PR, but there is not predicted any roll instability for the cases at α = 175 • with substantial shaft slack (ω 4n0 /ω ≥ 0.519). Also the involved amplitudes are close to the measurements with values in general quite large. More in detail, the numerics slightly underestimates the steady-state roll amplitudes recorded experimentally. On the numerical side, besides the limitations connected with the method assumptions, an error source is associated with the use of a linear roll damping estimated from the free-decay test in calm water with initial roll amplitude of about 11 degrees. In reality the damping can change both because of larger roll amplitudes involved and because the roll natural frequency can be modified by coupling with other motions and by nonlinear effects in the roll restoring moment. On the experimental side, an error source is connected with the presence of side walls affecting the roll motion in bow sea and in case of a misalignment of the ship in head sea. For incident waves with ω 4n0 /ω = 0.464 and kA = 0.1 experimentally PR did not reach the steady-state conditions during the recorded time history, so the maximum roll amplitude is provided. This is also reported for the numerics, while the second numerical prediction for this case corresponds to the steady-state PR amplitude. The numerical cases with PR occurrence were repeated including the bilge-keel damping. This limits the PR amplitudes below 4 • and avoids the instability completely for one case.
FPSO without mooring-lines
The occurrence of WOD for the cases discussed is provided in tables 4 and 5.
There, 'NI' for the experiments means that the water shipping was observed but not periodically and was small. For the cases with water on deck, the tables give the maximum numerical amount of shipped water Q in steadystate conditions. This quantity was not measured in the experiments because the required arrangement would be complicated and could interfere with the vessel behaviour. So only videos of the water shipping were used to monitor the occurrence of the events. Also in this case, the numerics without bilge-keel damping agrees well with the physical recordings of the water shipping. There are few cases where WOD is numerically predicted and either not recorded or not periodic and small experimentally. For these cases numerically the events were very limited in terms of amount of shipped water. From the numerics, the most severe WOD events occur at λ /L = 1 which is in the region of heave and pitch resonance. In this case larger relative vertical motions apparently occurred, leading to more pronounced freeboard exceedance. When the bilge-keel damping is introduced in the equations of motion the water shipping at λ /L = 0.75 and kA = 0.2 is avoided. This is because the event is caused by the parametric roll which is practically killed by these appendages. It is interesting to note that the bilge keels are more effective in reducing Q at the lowest wavelength while their influence is limited at λ /L = 1. This suggests a limited role of PR on WOD at this wavelength, i.e. in this case the water shipping is dominated by heave and pitch and subsequent relative vertical motions. Figure 1 examines the roll and yaw motion for run 46 when including the yaw in the simulations by means of an identification process from the measurements of the linearized restoring and damping coefficients connected with the yaw motion, as explained in e.g. [1] and [2] . The identification procedure has lim- ited reliability for the damping coefficients so, in the research documented in the mentioned works, B 46 (assumed equal to B 64 ) was initially set to the identified value and then reduced down to the sixty percent so to have numerical motion amplitudes more consistent with the experiments. Here, both B 66 and B 46 were varied so to achieve the best quantitative agreement with measured curves. Two conditions have been identified, referred to as case 1 and 2 in the figure. For both of them B 46 is still the sixty percent of the identified value while B 66 is, respectively, 2.2 and 2 times the identified value. These coefficients are given in terms of the yaw critical damping in the figure. As expected the two numerical results are associated with the same oscillation periods, consistent with the experiments. They are close to each other and to the measurements in terms of involved amplitudes while there is a phase shift and a small difference in mean value with respect to the physical yaw. On the other hand it is hard to reproduce with linearized restoring and damping loads the nonlinear effects caused by the shaft slack. For this case the yaw-roll coupling leads to a roll amplitude exceeding 15 degrees according to the experiments. The two numerical cases are associated with a roll amplitude around 17 degrees while the yaw amplitudes are about 5 and 4 degrees, respectively. Here the motion amplitude is defined as half of difference between the maximum and minimum values after the initial transient. Despite the similar features shown by the two numerical cases, the bilge keels have a different effectiveness for the resulting systems, as shown in figure 2 . In particular for case 1, the basic dimensions are suitable to limit the roll amplitude ξ 4a to about 2 degrees while for case 2 the same bilge-keels would be only able to keep it below 8 degrees. Due to the roll-yaw coupling, a similar trend is observed for the yaw amplitude ξ 6a . Assuming wider (b bk /B=0.04, which is still of practical use) or longer (l bk /L=0.5, it should be noted that this is out of the validity range for formula (1)) does not have much effect on the roll amplitude for case 1, probably because the additional damping in the roll is not able to further limit the yaw motion and so, in return, the roll amplitude. On the contrary, longer, but especially wider, bilge-keels can reduce the roll amplitude for case 2. In particular, with the chosen parameters ξ 4a goes down to about 5 degrees and ξ 6a to below 2 degrees. Figure 3 examines more in detail cases 1 and 2 without and with basic bilge-keels in terms of the time evolution of roll and yaw. Without the roll damping from these appendages, roll and yaw appear 180 degrees out-of-phase for most of the time during a yaw oscillation period. This is a bit more pronounced in case 2 for which the yaw damping coefficient B 66 is slightly lower than for case 1. If ξ 4 is 180 degrees out-of-phase with respect to ξ 6 , for instance, the cross-coupling moment −B 46ξ6 acts as a negative damping for the roll and similarly −B 64ξ4 acts as a negative damping for the yaw. This supports the instability. With the bilge-keel damping, for case 1 roll and yaw become in phase so that they tend to damp each others through their crosscoupling damping moments −B 46ξ6 and −B 64ξ4 , and this is consistent with the much lower amplitudes of both motions. For case 2 instead, the two motions preserve out-of-phase features, likely because B 66 is not large enough, and so they tend still to increase each other through the cross-coupling damping moments.
All the results suggest a primary role of yaw-roll coupling in exciting this instability behavior and the need of a proper lateralmotion control in conditions with free yaw. One must note that this analysis assumes that there is no effect of the bilge keels on B 46 and B 64 .
FPSO with mooring-lines
The numerical study of the same FPSO in moored conditions and in same head-sea regular waves highlighted the importance of sway-roll-yaw coupling in destabilizing the system and bringing a chaotic behavior, as documented in [2] .
Here the regular head-sea incident waves with λ /L ∈ [0.75, 1.5] are considered because they appeared to be the most interesting for parametric roll of the vessel without mooring lines (see previous section) and the wave parameters are set as the actual waves from the experiments examined in the previous section. This is done so to allow also a comparison between the cases without and with mooring lines. More in detail, the actual head-sea waves in the model tests were consistent with the prescribed waves, but for case with λ /L = 0.75 and kA = 0.2 which was with λ /L = 0.755 and kA = 0.21 in reality. In the following, the relevant features of the instability phenomena due to the motions coupling are discussed. These are exemplified in the top plots of figures 4 and 5 examining ω 4n0 /ω = 0.464 and, respectively, kA=0.15 and 0.2. The case with lower steepness is clearly characterized by parametric roll occurrence before excitation of sway and yaw motions (see enlarged view at smaller times in the top plot of figure 4) and so due to the influence in waves of the heave and pitch motions on the restoring moment. As time goes on the yaw motion shows oscillations with a period longer than the excitation period, reasonably connected with its natural period, and rises in amplitude with a clear instability behavior. The yaw brings into instability also the sway which follows a similar trend. Once the yaw has reached a sufficiently large value the maximum values of sway and yaw remain limited and randomly change in time and this leads to chaotic features also in the roll. The sway oscillations are dominated by a period about 24T which characterizes also the yaw evolution together with a lower period about 8T . These large periods are not able to modify the roll natural period but promote a chaotic change of the roll amplitude. The roll is still dominated by its natural period which remains tuned to 2T as in a first parametric resonance (see enlarged view at larger time in the same plot). The bilge-keel damping is able to kill the roll amplitude connected with the initial PR phenomenon due to the heave and pitch motions and as a result also the later roll amplitudes appear more limited than without bilge keels, in particular below 8 degrees, but there is no effect of the reduced roll on the amplitudes of the horizontal motions (see bottom plot of figure 4 ). This confirms a dominant role of sway and yaw on this documented instability. Steeper waves do not cause PR when sway and yaw are negligible (see enlarged view at smaller times in the top plot of figure  5 ). As these motions experience an unstable behavior with similar features as for kA=0.15 then the roll motion is also excited at its natural period tuning also in this case to 2T (see enlarged view at larger times in the same plot) but it is also evident the presence of the excitation period along the ξ 4 time history. One must note that the sway and yaw oscillation periods are different in the two wave-steepness cases. In particular, for kA=0.2 the yaw starts its unstable behavior with the same period as for kA=0.15 but, as the amplitude increases, the nonlinearities reduce its natural period and similarly it is predicted for the sway. The use of bilge keels has a similar effect as for the lower steepness; in this case the roll amplitude is kept below 9 degrees. Figure 6 examines the maximum roll amplitude and the maximum amount of shipped water predicted without bilge keels for all examined cases with non negligible roll and with WOD. Here the maximum values are estimated along the whole examined time evolution, i.e. t ≤ 400T , and one must note that they do not occur always periodically due to the chaotic behavior in many conditions. From the results, the roll amplitude can reach very high values and this is mainly due to nonlinear motion coupling, as discussed in [2] . In particular, the values are larger than the corresponding steady-state roll amplitudes predicted without mooring lines. For the largest incident-wave steepness there is almost a linear increase by decreasing the calm-water roll natural frequency-to-prescribed excitation frequency ratio. At ω 4n0 /ω = 0.464, ξ 4amax is close to 20 degrees for almost all incident-wave steepnesses examined. For this frequency ratio, the parametric resonance occurs for all kA and is connected with influence of heave and pitch motions for the two lowest steepnesses and promoted by the coupling with sway and yaw for the others. When the bilge keels are introduced, there is a substantial reduction on the roll amplitude when the roll instability is connected with heave and pitch motions while the effect is more limited when the instability mechanism is due to the lateral motions. of shipped water is, in general, larger than without mooring lines when bilge-keels are not used and is less dependent on λ /L with local maxima at λ /L = 1. However, for the largest steepness, the bilge-keel effect on the WOD severity is very limited suggesting that the roll plays a minor role with respect to the other vertical motions which are not affected by the bilge-keel action in our model. Table 6 examines the influence of the bilge-keel breadth and length on the roll for the case with largest ξ 4amax when l bk /L=0.4 and b bk /B=0.03 are assumed. Increasing b bk /B to 0.04 has a very limited effect in this case and similarly it is obtained pushing the use of formula (1) beyond its applicability and so increasing l bk /L to 0.5. This confirms the major role of the coupling with the horizontal motions, in particular sway and yaw, in the roll instability and suggests the need of a proper control for them to achieve an effective limitation of the roll amplitudes. Assuming a dynamic-positioning (DP) system, designed to provide a linear damping in surge, sway and yaw equal to the 15% of the corresponding critical damping, limits the roll amplitude below 4 degrees. This can be considered as a good damping level for a DP system used with FPSOs, in practice the level can be lower. Figure 7 examines the effect of the bilge-keel damping for different heading angles assuming incident waves with ω 4n0 /ω = 0.464 and, respectively, kA = 0.1 and kA = 0.25. The maximum amplitude is predicted in weather-vaning conditions, i.e. after the FPSO has been rotated in yaw and brought to headsea conditions by the mooring-lines. Without bilge-keels ξ 4amax is almost the same in all headings for the smalled steepenss. This is because the ship experiences parametric roll promoted by heave and pitch motions in waves and the responsible phenomena remain similar for the different cases once recovered headsea conditions. For the largest steepness, the ship is subjected to roll instability due to coupling with lateral motions and the latter do not necessarily remain the same once recovered head-sea conditions if an instability has occurred for them. As for true head-sea conditions, the case with smallest steepness shows a suitable action of the bilge-keels in limiting the roll motion. For kA = 0.25, the bilge-keels are less effective, especially in bow and head-sea waves. In these conditions they are not able to limit the roll below 10 degrees. For these two incident-wave scenarios, the effectiveness of the bilge-keels is documented in figure 8 in terms of maximum provided damping coefficient as a function of the heading angle. For the smallest steepness, an equivalent damping coeffi- cient slightly above the ten percent of the roll critical damping is needed to control the roll motion; for the largest kA, even a coefficient larger than the thirty percent of the critical damping is not enough to limit properly the roll.
SUMMARY
A 3D numerical Domain-Decomposition (DD) strategy for the seakeeping of a 6-dof ship with possible water-on-deck occurrence has been used to examine the effect of bilge keels on the stability of an FPSO without and with mooring lines. The seakeeping solver is based on the weak-scatterer hypothesis; water shipping is modelled as a 2D in-deck shallow water flow; the mooring lines are simulated within a quasi-static nonlinear approach and finally the bilge-keel damping is approximated using a simplified formula, best-fitting of the Ikeda's method. The performed analysis suggests that the bilge keels are well suited for the control of PR phenomena connected with large heave and pitch motions but are less effective in limiting the roll amplitude when sway-yaw-roll coupling involves instability phenomena. In the latter case it helps increasing the bilge-keel breadth or the length, but the latter parameter seems to play minor role in the considered range. The application of a suitable dynamicpositioning can compensate the limitations of bilge-keel action.
